[1] Strain and strain rate partitioning in partially molten rocks are two of the important mechanisms that govern the process of coupling and/or decoupling of the partially molten lithosphere. Consequently, the proportion of partial melt and crystals and their network in partially molten rocks influence the degree of the partitioning along with the bulk rheology of the system. This study explores the possible role of finite strain and strain rate on the rate and volume of partial melting and crystallization in a metapelitic system undergoing deformation. Cylinders of synthetic quartz-muscovite aggregate (7:3 volume ratio) were deformed in torsion at 750°C, 300 MPa and constant shear strain rate ( _ = 3 × 10
[1] Strain and strain rate partitioning in partially molten rocks are two of the important mechanisms that govern the process of coupling and/or decoupling of the partially molten lithosphere. Consequently, the proportion of partial melt and crystals and their network in partially molten rocks influence the degree of the partitioning along with the bulk rheology of the system. This study explores the possible role of finite strain and strain rate on the rate and volume of partial melting and crystallization in a metapelitic system undergoing deformation. Cylinders of synthetic quartz-muscovite aggregate (7:3 volume ratio) were deformed in torsion at 750°C, 300 MPa and constant shear strain rate ( _ = 3 × 10 −4 s −1
) for finite shear strains (g) 1-15. The deformed samples were studied along the longitudinal tangential (LT) and axial (LA) sections to obtain the data along a range of strain rates for a given finite strain and vice versa. The results showed that deformation plays an important role on the kinetics of partial melting and crystallization. With increasing strain rate, amount and rate of crystallization comprise the volumetrically dominant process compared to partial melting at a given finite strain. In contrast, when the strain rate is constant, partial melting is the dominant process over crystallization up to moderate strain (g < 5). The dominant process reverses at higher strain, and the system shows more crystallization than partial melting. Application of the experimental data to geological systems implies that for metapelites a significant amount (∼20%) of partial melt can generate at high strain rate and moderate strain (g ∼ 7), but at high strain (g = 15) the system is melt depleted. Under such conditions, decoupling should take place in brittle-ductile mode. On the other hand, rocks undergoing deformation with low strain rates and strain (g < 3) contain more than 25% partial melt, which can act as a major decoupling agent by localizing ductile shear zones.
Introduction
[2] Lithospheric-scale decoupling is strongly related to the presence of mechanically weak planar zones, which allow the lithospheric levels to decouple from their initial coupled architecture. In the ductile crust, the mechanically weak horizons are defined either by compositional gradients [Jordan, 1987] or by the onset, segregation and accumulation of partial melts along a preferred plane [Block and Royden, 1990; Vanderhaeghe and Teyssier, 2001; Vigneresse and Burg, 2004] . Theoretically, lithospheric decoupling has been identified as dependent on several, multiply connected physical and chemical factors, which include various rheological parameters (e.g., flow law, strain rate, finite strain) of the partially molten rocks [Kirby and Kronenberg, 1987; Barborza and Bergantz, 1998; Vigneresse and Tikoff, 1999; Renner et al., 2000; Burg and Vigneresse, 2002] . Fluid (melt) and solid (crystals) coexist in a partially molten rock. During deformation the solid matrix may undergo brittle fracturing [Dingwell, 1997] , plastic deformation [Dell'Angelo and Tullis, 1988] or show granular flow [Misra et al., 2009] depending on the melt content of the system. These different modes of deformation may govern the evolution of crustal decoupling in various ways. Recent nonhydrostatic experimental studies in torsion have demonstrated that shearing plays an important role and can influence the kinetics of partial melting and crystallization compared to hydrostatic conditions where the only deformation mode is isostatic compaction, given the other intrinsic and extrinsic parameters constant [Misra et al., 2009] . Axial compression experiments conducted by Holyoke and Rushmer [2002] showed that there is a difference in the amount of melt generation, hence melt pore pressure buildup, between muscovite and biotite dehydration melt-ing, thereby affecting melt-induced microstructures and melt connectivity. Partial melt generated during muscovite dehydration melting localizes along permeable cataclastic zones produced during deformation, whereas melt from biotite dehydration melting accumulates along grain boundaries. These two contrasting segregation sites (i.e., either by fracturing or grain boundary wetting) control the generation of melt fraction in these two systems. This study indicates that the composition of the parent rock also influences the rate and amount of partial melting along with other physical and chemical factors. However, in natural settings, the proportion of fluid phases with respect to the solid phase continuously changes during melting and crystallization of the rock, which results in a significant change of both material and stress transport properties [Laporte and Watson, 1995] . In addition, the amount of fluid phase (melt) controls the magnitude of strain and strain rate partitioning between the fluid and the solid phase. Burg and Vigneresse [2002] studied theoretically the interactions between melting, melt segregation, crystallization and crystal interactions with deformation and concluded that solid-to-suspension transitions during melting and crystallization in a dynamic setting are not symmetrical. They further established that the cycle of melting and crystallization and their mutual interactions are related nonlinearly with time and space resulting in feedback loops, some of which are positive and the others negative during melting and crystallization, respectively. The study of strain rate dependence on melting and crystallization is thus important for the mechanics of melt-rock systems, where partial melting or crystallization accompany deformation. It is also important to take into account the effects of progressive deformation, which governs the evolution of deformation-induced microstructures, formation of partial melt and new crystals.
[3] A systematic study of the generation of partial melt and crystallization as functions of strain and strain rate is lacking in the geological literature. Experimental investigations were mostly conducted to explore the rheology of partially molten rocks where the starting materials, in most of the studies, are considered to have a constant amount of glass, melt or analog of melt [Zimmerman et al., 1999; Rosenberg and Handy, 2000; Holtzman et al., 2003] . Deformation experiments of rock samples with granitic composition have been performed at high pressure and temperature to study how the amount and distribution of melt fraction influences the bulk rheology [van der Molen and Paterson, 1979; Rutter and Neumann, 1995; Rushmer, 1995] . In these experimental investigations, the authors increased the melt fractions either by varying the amount of water at constant temperature [van der Molen and Paterson, 1979] or by increasing temperature [Rutter and Neumann, 1995] . However, crystallization under isothermal shearing is much discussed in other sciences, particularly in polymer material engineering. Several investigations demonstrated that the rate of shearing and shear strain greatly influence this process by [Lagasse and Maxwell, 1976; Keller and Kolnaar, 1998; Janeschitz-Kriegl et al., 2003; Zheng and Kennedy, 2004; Tanner and Qi, 2005] . They also revealed a fair agreement between experiments and theory and concluded that a simple strain and strain rate function can provide a reasonable description of deformation-induced crystallization.
[4] In this paper, the strain and strain rate dependence of partial melting and crystallization has been investigated experimentally and the results are discussed in terms of possible geological applications. As starting materials we used fine grained, synthetic quartz muscovite samples of constant chemical compositions and physical properties. The samples were deformed in torsion at elevated pressure and temperature. The deformed samples were observed and analyzed in two principal sections to get comparable data for different strains and strain rates. Muscovite and quartz powder were mixed homogeneously in 30% and 70% by volume, respectively. The synthetic rock was fabricated by first uniaxial pressing of the mixed dry powder at 200 MPa, at room temperature, and in a steel canister. The canister was closed by welding and then was hot pressed isostatically (HIP) at 160 MPa and 580°C for 24 h. The values of hydrostatic pressure and temperature for HIP were chosen to avoid any reaction and/or melting between the starting compositions [Brearley and Rubie, 1990] . After hot pressing, the solid material showed that quartz and muscovite had not reacted during preparation and retained their original composition. The starting material had porosity between 12 and 15% and a strong foliation defined by muscovite grains. Cylindrical samples of 10 mm diameter were cored with the HIP-derived foliation perpendicular to the cylinder axis. The samples were deformed in torsion in an internally heated gas-medium apparatus [Paterson and Olgaard, 2000] at 300 MPa confining pressure and 750°C temperature with constant shear strain rate ( _ = 3 × 10 −4 s −1 ) to achieve maximum shear strains ranging from 1.0 to 15.0.
Experimental Methods and Analyses
[6] All deformed samples (Table 1) were observed along longitudinal tangential (LT) sections and three of them along longitudinal axial (LA) sections (Figure 1 ), which are the two principal planes of observation for torsion experiments [Paterson and Olgaard, 2000] . The bulk shear direction is orthogonal and parallel to the LA and LT sections, respectively. In addition, LA planes contain the axis of rotation, where the deformation is zero at the axis of rotation and increases with radial distance in the lateral direction; both the rate and amount of shear strain increase linearly (independent of rheology). This unique feature of this plane allows measurement of the area fractions of partial melt and crystallization at different positions with the same amount of finite shear strain but varying shear strain rate and vice versa.
Results
[7] While achieving the experimental conditions, the samples showed hydrostatic compaction as the target confining pressure (300 MPa) and temperature (750°C) of the deformation experiments were higher than those of the hot press conditions (160 MPa and 580°C). The porosity of the starting samples (12-15%), in general, decreased because of compaction and showed ∼5% porosity at 300 MPa and 750°C. The porosity further reduced after the introduction of deformation (1 to 2% porosity at g = 1.5). With progressive deformation, melt was generated while new minerals, mostly K-feldspar, biotite, sillimanite and accessory spinel, crystallized [Misra et al., 2009] . The chemical reaction can be generalized as
Area fractions of partial melt and new crystals were measured in images recorded in the backscattered electron (BSE) mode of a scanning electron microscope (SEM). Images of interest were transformed to a binary image with a suitable tolerance value for the corresponding phases and the area percentage was measured with the ImageJ open source software (http://rsbweb.nih.gov/ij/index.html). A single datum in the plot represents the average value of 5 to 7 measurements normalized by assuming that the sum of all phases is 100%. It was not possible to measure separately biotite and spinel, as they have very similar gray levels in BSE images. In the following descriptions and discussions, we refer to them together as "biotites." The finite shear strain (g) varies from zero at the center to a maximum value at the outer radius end. The values measured on the outer radius end of the tangential section (LT) and the finite strains measured at smaller radii inside (on LA section) the deformed samples will be referred as g max and g in , respectively. The same convention will be followed for shear strain rate (i.e., _ max and _ in ).
[8] Figures 2a-2d show representative BSE images of four of the seven deformed samples (at g max = 1, 7, 10 and 15). The initial shear plane parallel planar fabric defined by flaky muscovite grains showed back rotation in response to the shear deformation and their long axes aligned crudely along the maximum stretching direction (Figure 2a) . The quartz grains behaved as rigid objects. The initial sharp grain boundaries were smoothened during partial melting. The distributions of melt, K-feldspar and biotites, as an example, are shown separately from the microphotograph 2 (Figure 2c ) in Figures 2e-2g , respectively. The area measurements (in %) of partial melt and newly formed crystals in deformed samples as a function of finite shear strain (g max = 0-15) are shown in Figure 2h . The measurements were performed along LT sections of each of the seven deformed samples, which were deformed at constant strain rate ( _ max = 3 × 10 −4 s −1 ), confining pressure (300 MPa) and temperature (750°C). Comparison of the amount of melt and new crystals shows that in the beginning (up to g max = 3) melting is dominating (∼12-15%) over crystallization of a small amount (∼2-3%) of biotites. However, rate and amount of K-feldspar crystallization increased rapidly after g max = 3, and the K-feldspar amount reached ∼22% at g max = 5, whereas the amounts of partial melt and biotites were 14% and 5%, respectively. Partial melting reached its highest value (∼21%) at g max = 7 and this amount steadily decreased to zero with further deformation (up to g max = 15). The amount of K-feldspar, on the other hand, continuously increased up to 33% at g max = 15. The amount of biotites was nearly constant within a range of 3-5% from g max = 5 to 15. The amount of the two starting materials (70% quartz and 30% muscovite) decreased with progressive deformation, which confirms that melt and new crystals were formed at the expense of the starting mineral phases. All muscovite grains were broken and gradually consumed by the dehydration reaction. They were totally consumed after g max = 10. The contribution of quartz to the reaction products was about 20% and the system contained 50% of quartz at the end of the series (g max = 15).
[9] Three samples, which were deformed to a maximum finite shear strain (g max ) 5, 10 and 15 (experiments P1146, P1161 and P1095, see Table 1 ) at their outer boundaries, were cut along their LA planes to observe the amount of melt and new crystals as a function of shear strain rate ( _ ). Panoramic views of the three samples from their center to Table 1 ). The three long strips show the view of the LA sections from the center (left, where strain and strain rate are zero) of the sample to the outer edge (right, where strain and strain rate are maximum). Considering the linear dependence of strain rate and strain with the radius of the samples, the strips were scaled for shear strain and strain rate. For each of the three samples, four representative microphotographs are shown for different strain rate and strain. Q, quartz; Mu, muscovite; M, partial melt; K-f, K-feldspar; and Bts, biotites.
outer edge as observed in SEM are shown in Figure 3 . The sections are marked with scales of finite strain and strain rate at their top and bottom, respectively. From each section, four representative BSE images were presented to show the characteristic microstructures and melt-crystal distribution as functions of finite strain and strain rate.
[10] Variation of the amount of melt, K-feldspar and biotites with respect to measured shear strain rate along the radius of the deformed samples are presented in Figure 4 . The data obtained from the center of the samples, where finite strain and strain rate are zero, can be considered for hydrostatic experiments at 750°C and 300 MPa. The plot reveals that the relative amount of biotites remains almost constant (∼5%) and independent of shear strain rate and finite deformation. However, the trend of melt and new crystals of K-feldspar contents shows a strong dependence upon strain rate. In general, irrespective of the finite shear strain, crystallization of K-feldspar increases with strain rate whereas the amount of partial melt decreases with strain rate.
[11] With the help of the experimental data presented in Figure 4 , it is possible to plot the amount of melt and new crystals as a function of finite shear strain when strain rate is constant and vice versa. We took the amount of K-feldspar to represent crystallization since the amount of biotites is constant. The measurements are shown in four separate diagrams in Figure 5 . Crystallization of K-feldspar shows a complex behavior at low strain, but increases with stain rate at high strain (g in = 4-5; Figure 5a ). The fraction of Kfeldspar increases with increasing shear strain for a given strain rate. For example, at constant _ in = 6 × 10 −5 s −1 , the number of K-feldspar crystals augments by about 12% when finite shear strain (g in ) is increased from 1 to 3. (Figure 5b ). The amount of melt does not change with increasing shear strain rate for a given finite strain, particularly at higher strain (g in = 5; Figure 5c ), but decreases almost linearly with progressive shear strain for a given strain rate (Figure 5d ).
Discussion
[12] The experimental results reveal that both finite strain and strain rate play critical roles on the rate and amount of melt production and the creation of neoblasts under dynamic shear flow. The experiments were conducted at isothermal and isobaric conditions to minimize the potential effects of temperature and pressure. The evolution of the whole system starting from solid, quartz-muscovite aggregates to a two-phase solid-fluid system (quartz, muscovite, K-feldspar, biotites crystals-partial melt) has also rheological consequences [Vigneresse et al., 1996; Misra et al., 2009] . However, we will mainly focus on the critical role of strain and strain rate on partial melting and crystallization with possible geological implications. The bulk response of partially molten rocks to tectonic stresses at different strain rates has been discussed theoretically by Vigneresse and Burg [2004] , and their results are considered and compared here with an additional parameter -finite strain, together with the strain rate.
[13] Our experimental data showed that, with increasing strain (g max > 4), crystallization of new minerals dominates partial melting for a given finite strain rate ( _ max = 3 × 10 −4 s −1 ; Figure 2h ). With progressive shearing at the same strain rate the behavior of melt production is complex. The amount of melt increases almost linearly up to g max = 7, then decreases to zero following approximately the same, but negative slope from g max = 7-15. However, it is impossible to dissociate strain from kinetic effects in experiments where strain varies linearly with time. The kinetic effects associated with diffusion length (x) are related to time (t) by its square root (x ≈ ffiffiffiffiffi Dt p , where D is the diffusivity of the system under consideration; [e.g., Brady, 1995; Béjina et al., 2003; Watson and Baxter, 2007] . The amount of melt and new crystals as functions of progressive deformation (Figure 2h ) did not reach a stable value. We take this observation as evidence that the syndeformation melting and crystallization reactions did not achieve chemical equilibrium under dynamic conditions. The reaction products, new crystals and melt-rich pockets are too tiny to quantify and judge whether they had equilibrium chemical composition. This technical problem also does not allow balancing chemically the reactants (quartz and muscovite) and the reaction products (K-feldspar, biotites, melt, etc.) . The data presented are thus instantaneous, corresponding to local finite strain and strain rate. In summary, at high strain rate and finite strain, the rate and amount of new crystals increases and the system becomes melt-depleted. Under such conditions, fracturing is expected [Dingwell, 1997] . This is also revealed in our experiment. At g = 15, the sample showed brittle fracturing in response to deformation (Figure 2h ). The fracture patterns include both Mode I (opening) and Mode II (low angle Riedel shear fracture). Prior to fracturing, the original crystals of the aggregate may undergo plastic deformation and may exhibit a preferred crystalline orientation. The new crystals growing under dynamic conditions may also show both shape and crystallographic preferred orientations. However, this hypothesis needs to be proven by systematic experimental investigation. The decoupling zones would favor increase in strain rate, which would tend to enhance crystallization and therefore harden the system. The decoupling mechanism would be in the so-called brittle-ductile transition domain, which may locally involve very high strain rate resulting in earthquake slip rates.
[14] At low strain rates and finite strain, melt generation dominates over new crystallization. The rock would contain a significant amount of melt (∼30%), which can segregate and accumulate as pockets or veins, giving rise to migmatitic rocks as described in classical text books [e.g., Mehnert, 1968; Ashworth, 1985] . Under deformation these mechanically weak pockets and channels form heterogeneous rock domains crucial for localizing deformation in decoupling zones at low strain rate [e.g., Vanderhaeghe et al., 1999; Brown, 2001; Hamilton, 2007] .
[15] Our experiments are based on three assumptions: (1) the strain rate and finite strain increase linearly from center to the outer boundary of the sample for a given constant displacement rate [Paterson and Olgaard, 2000] , (2) the deformation of the samples is homogeneous at the macroscopic scale and the sample geometry does not change with progressive torsion, and (3) the melt and solid crystals do not migrate along the radius on the plane orthogonal to the cylindrical sample axis [King et al., 2010] . The classical equations that relate strain rate ( _ ) and shear strain (g) with the sample geometry for a given angular displacement (a) and angular displacement rate ( _ ) are g = ra/l and _ = r _ /l, where r and l are any given radius measured from the center of the circular cross section of the sample and length of the cylinder, respectively (Figure 6a ). These two equations describe the linear dependence of strain and strain rate with the radius during torsion experiment, which is independent of the material rheology, i.e., this is solely a finite strain effect. The second assumption is not absolutely true for our experiments, particularly at the beginning of deformation (g = 0 to 1.5), because of compaction strain (porosity reduction ∼3%). However, we applied the generalization of constant geometry to samples deformed at high strain (g max > 5) to simplify our analysis (Figure 6b ). For the Figure 6 . Schematic diagrams to describe the three basic assumptions adopted in this study. (a) Shear strain and strain rate increases linearly from the center to the outer edge of the sample for a constant angular displacement rate (see text for details). (b) The deformation is homogeneous and does not involve any volume change. (c) The velocity gradients (du/dx 1 and dv/dx 2 ) acting on the cross section of the cylinder, cut perpendicular to the rotation axis, are zero, allowing no movement of partial melt and crystals along the radius on the plane. third consideration, it needs to be proven that there is no mean stress gradient on the plane of measurement (i.e., the longitudinal axial plane). Several workers, particularly in material sciences, have formulated the theory of torsion of composite materials with the cylindrical geometry of circular sections and idealized the system following de SaintVenant's [1856] hypothesis (i.e., each section rotates as a rigid body without any distortion and is free to warp along the torsion axis, but the warping is the same for all sections for a given constant rate of twist). Later studies [e.g., Deimel, 1935; Mises, 1945; Packham and Sahil, 1978] showed that during Saint-Venant torsion, any plane orthogonal to the cylinder axis does not deform on the same plane (i.e., the velocity gradients acting on the plane are zero, Figure 6c) . Feng et al. [1996] experimentally described that the motion of solid particles (spherical and rod-like) suspended within a viscoelastic fluid only migrate radially along the shear flow direction under the action of normal stress. However, it has been also argued that if the fluid has strong normal stresses and the deformation rate is sufficiently high, the fluid may segregate from solid particles and concentrate along the outer rim of the sample [Bartram et al., 1975] . In our experiments, as the twist rate was low and no textural observation supports the contention, we rule out the possibility of migration of crystals and melt orthogonal to the rotation axis.
[16] The rock deformation experiments and the results reported in this work provide a first-order estimate on the melt generation and crystallization in a metapelitic system with specific composition at constant confining pressure and temperature. The data will vary with different compositions and other experimental conditions. The range of finite shear strain is large enough (g max = 1-15) to be comparable with natural rocks. On the other hand, the strain rate is in narrow range ( _ max = 10 −5
-10 −4 s −1 ), which is a well-identified problem in up-scaling laboratory deformation experiments to natural conditions. Because of experimental constraints, we also could not produce data for high finite strain at relatively lower strain rate, as long-term experiments are not feasible in the gas apparatus.
Conclusion
[17] A series of laboratory deformation experiments on synthetic quartz-muscovite aggregates at elevated confining pressure and temperature documents the dependence of deformation induced partial melting and crystallization on strain and strain rate. The results indicate that strain rate and the magnitude of strain at isothermal and isobaric conditions greatly influences the kinetics of partial melting and crystallization of a melting rock. Crystallization becomes dominant with increasing strain rate. In contrast, at constant strain rate, partial melting dominates up to moderate strain (g max < 7). This process reverses at higher strain and the rocks contain more new crystals than melt. Application of the experimental data to geological system implies that a significant amount (∼21%) of melt can be generated at high strain rate and moderate strain (g ∼ 5-7) in metapelites, but the system becomes melt-depleted at higher finite strain. At low strain rates and strain the system can contain more than 25% partial melt. Since melt-rich migmatites are lowviscosity rocks, they focus shear deformation and cause levels of crustal decoupling. Under high strain rate and strain, decoupling should take place in a brittle-ductile mode. This is consistent with the many coexisting foliations and crosscutting vein sets commonly described in migmatites.
